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Gap junctionGap junctions, composed of proteins from the connexin gene family, are highly dynamic structures
that are regulated by kinase-mediated signaling pathways and interactions with other proteins.
Phosphorylation of Connexin43 (Cx43) at different sites controls gap junction assembly, gap junc-
tion size and gap junction turnover. Here we present a model describing how Akt, mitogen activated
protein kinase (MAPK) and src kinase coordinate to regulate rapid turnover of gap junctions. Specif-
ically, Akt phosphorylates Cx43 at S373 eliminating interaction with zona occludens-1 (ZO-1) allow-
ing gap junctions to enlarge. Then MAPK and src phosphorylate Cx43 to initiate turnover. We
integrate published data with new data to test and reﬁne this model. Finally, we propose that differ-
ential coordination of kinase activation and Cx43 phosphorylation controls the speciﬁc routes of
disassembly, e.g., annular junction formation or gap junctions can potentially ‘‘unzip’’ and be inter-
nalized/endocytosed into the cell that produced each connexin.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction to gap junctions
Vertebrate gap junctions are composed of proteins from the
connexin gene family (21 members in humans) [1–4]. These collec-
tions of intercellular channels permit passage of ions, amino acids,
nucleotides, metabolites and secondary messengers (e.g., calcium,
glucose, cAMP, cGMP, IP3) [5] between cells while macromolecules
are excluded (although small RNAs may pass [6,7]). Gap junction
intercellular communication is critically important in many cell
processes including control of cell proliferation, embryonic devel-
opment, cell differentiation and the coordinated contraction of
heart and smooth muscle [1,3,4,8–10]. Genetic linkage analysis
has implicated connexins in at least 14 human diseases – many
of which can be recapitulated in mutant connexin mouse models
[10]. Connexins are expressed in a tissue speciﬁc manner allowing
them to fulﬁll a variety of physiological roles. Connexin43 (Cx43),
the focus of this review, is by far the most abundantly and widely
expressed gap junction protein, and its essential role is highlighted
by the fact that Cx43 knockout mice die hours after birth [11]. Spe-
ciﬁc mutations in the Cx43 gene (GJA1) cause oculodentodigitaldysplasia (ODDD) with a variety of different symptoms including
small eyes, underdeveloped teeth, syndactyly and palmoplantar
keratoderma – a skin disease that can be caused by frame shift
mutations [12] that result in loss of the C-terminal region where
Cx43 is phosphorylated.
2. Connexin phosphorylation
Many connexins (e.g., Cx31, 32, 37, 40, 43, 45, 46, and 50) have
multiple phosphorylation sites – with Cx43 being the most preva-
lent and well studied. Connexins have 4 transmembrane domains
with the N- and C-termini on the cytoplasmic side. Cx43 is synthe-
sized and trafﬁcs through the ER like a typical integral membrane
protein but atypically delays oligomerization into a hexameric
hemi-channel or ‘‘connexon’’ until reaching the trans-Golgi net-
work [13]. The C-terminal region of Cx43 contains several ‘‘consen-
sus recognition sequences’’ for different kinases [14,15]. Truncated
Cx43 that lacks the C-terminal portion can form gap junctions but
their channels have different permeability/electrophysiological
properties [16,17]. Furthermore, truncated Cx43 has a prolonged
half-life and a ‘‘knock-in’’ mouse expressing truncated Cx43 had
rigid skin that readily peeled off, killing almost all homozygote
mutant mice shortly after birth [18]. In this mouse, Cx43 was
mis-localized throughout the stratiﬁed layers of the epidermis
unlike the normal basal restriction exhibited in wild type mice.
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insult (e.g., wounding, hypoxia)
Cx43 is abundantly expressed in skin and heart. Both tissues are
frequently injured, and Cx43 is known to play a key regulatory role
in repair processes [19–22].
3.1. Wound repair
Cx43 expression and phosphorylation status changes during
wound repair. Proliferation continually occurs in the basal layer
of the epidermis to replace dead keratinocytes and is up regulated
dramatically as a source of cells for wound repair. Wounding of the
epidermis activates changes in gap junctional communication that
synchronize cell migration across the wound bed [19,20,22]. Both
rodent [19] and human skin [20] show decreased connexin expres-
sion at the edge of a wound and a return to homeostatic levels
upon wound closure [19,23]. Although up to 9 connexins can be
expressed in epidermis, Cx43 is the predominant connexin
in vivo and in cultures of human keratinocytes [24] and may play
the primary role during early stages of wound healing as modula-
tion of Cx43 expression directly affects rates of wound repair.
Wound closure is delayed in diabetic skin when Cx43 expression
remains high [25] or upon Cx43 overexpression [26]. Mice with re-
duced levels of epidermal Cx43 show more rapid healing [27].
Cx43 antisense application to wounds accelerated keratinocyte
migration and wound repair resulting in less scarring [28]. At
24 h post wounding of human skin, PKC phosphorylation of Cx43
at S368 was dramatically increased, but strictly limited to the basal
cells that form a distinct communication compartment where pro-
liferation will occur over several days to replace dead/missing cells
[29]. These observations have translational implications as CoDa
Therapeutics and First String Research are testing different ways
of reducing Cx43 for use in human wound treatment. While
Cx43 modulation is critical for wound repair, we still lack a mech-
anistic understanding of the role it plays.
3.2. Cx43 regulation in the heart
Coordinated contraction of the heart requires myocytes to be
mechanically and electrically coupled. Electrical and chemical
coupling is largely maintained via gap junctions at a specialized
structure at the ends of myocytes referred to as the intercalated
disc [30,31]. The intercalated disc also contains desmosomes
and adherens junctions that provide mechanical stability [32,33]
and are closely juxtaposed with large gap junction plaques.
Immunoblot migrational analysis of lysates from normal heart
show that essentially all of the Cx43 protein is phosphorylated
[34–37]. Several labs have shown that ischemia promotes
dephosphorylation of Cx43 evidenced by a migration shift via
SDS–PAGE and that this corresponds to alterations in cardiomyo-
cyte coupling [34–37]. Analysis of speciﬁc phosphorylation sites
in mouse heart have shown that Cx43 is heavily phosphorylated
on casein kinase 1 (CK1) sites that promote gap junction assem-
bly [38,39] but upon ischemia, these CK1 sites are dephosphoryl-
ated [40] while phosphorylation on the PKC site at S368 is
increased [41,42]. In addition, rapid (5 min) dephosphorylation
of S365 occurs in response to ischemia [43], consistent with the
‘‘gatekeeper’’ concept where S365 and S368 phosphorylation
events are inversely related in vivo [44]. However, work in rat
[40] and rabbit [45] hearts show that S368 is phosphorylated un-
der baseline conditions and actually decreases upon ischemia,
indicating PKC interaction with Cx43 may show differences
between species.3.3. Cx43 phospho-site knock-in mice
Knock-in (KI) of Cx43 phosphoserine-site mutants (S to A) into
mice can prove the functional necessity for Cx43 phosphorylation
in vivo. Through combined utilization of phospho-speciﬁc antibod-
ies to query when and where Cx43 interacts with speciﬁc kinases
in tissue and the KI mice to discern the biological function of these
interactions we can better understand how Cx43 regulation affects
both cell and tissue biology. For example, mice containing Cx43
with S325/328/330A and S325/328/330D mutations showed dele-
terious effects on cardiac gap junction formation and function,
developed electric remodeling, and were highly susceptible to
inducible arrhythmias or were resistant to acute and chronic path-
ological gap junction remodeling, respectively [46]. A role for
MAPK phosphorylation of Cx43 during arteriole injury was shown
to be critical as mice expressing Cx43 with S255/262/279/282A
mutations show complete loss of proliferation and neointima for-
mation [47].4. Gap junctions are dynamic structures
As seen during injury, gap junctions are consistently and
rapidly remodeled or disassembled by a variety of stimuli. Gap
junctions appear as distinct, discernable, 0.1–5 lm long inter-
membrane structures via both electron and light microscopic
methods, while at the molecular level connexins exhibit a short
half-life. Cx43, the most ubiquitous and abundantly expressed
connexin, has a half-life of only 1–3 h [48–53] – much faster than
average turnover times for other integral membrane proteins (t1/
2 = 17–100 h in hepatocytes [54], t1/2 > 75 h in 3T3 cells [55]). The
dynamic nature of this protein results in a distinct membrane
structure in constant ﬂux. Studies utilizing Cx43 tagged with ﬂuo-
rescent proteins have highlighted the dynamic nature of gap junc-
tions [56,57]. These studies have shown that gap junctions
typically grow through lateral accretion of Cx43 oligomers from
the plasma membrane into the gap junction. This growth can
be balanced by constitutive internalization of subdomains of the
gap junction consisting of the oldest protein, presumably allowing
regulation of gap junction size [58]. Internalization of an entire
gap junction can also occur through a distinctive mechanism
where one cell internalizes a gap junction in its entirety via for-
mation of double membrane structure termed an annular junc-
tion [59–66] (see Fig. 1) or ‘‘connexisome’’ [67]. Gap junction
internalization can be triggered through a variety of stimuli
including wounding, ischemia, oncogene activation and growth
factor treatment. These stimuli also activate several kinase cas-
cades that result in Cx43 phosphorylation and lead to gap junc-
tion disassembly. Exactly how these sites promote disassembly
is not yet clear, but it is an active area of investigation in several
laboratories.5. Cx43 and interacting proteins
In addition to providing an intercellular conduit, the 130 amino
acid cytoplasmic tail of Cx43 interacts with a variety of signaling
and structural molecules leading to the concept of the gap junction
as a signaling nexus [68]. Gap junction dynamics and the ability of
Cx43 to interact with different proteins appear to be coordinated
through alterations in Cx43 phosphorylation.
Cx43 interacts with a range of proteins including cytoskeletal
elements (microtubules, MAGUK proteins ZO-1, ZO-2 and CASK)
and is phosphorylated by a variety of kinases (Akt, PKA, PKC,
ERK1/2, src).
Fig. 1. This model predicts phosphorylation at S373 promotes Cx43 accumulation into larger gap junctions with increased gap junction communication. Larger junctions
could promote annular junction formation through decreased membrane and energy restraints compared to that needed for smaller vesicles. Phosphorylation at S279/282
closes the gap junction and then Y247 phosphorylation initiates accumulation of the internalization machinery – a timeline consistent with the observed kinetics of
phosphorylation at these sites in response to epidermal growth factor (EGF) or phorbol esters (TPA).
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At least 19 phosphorylation sites have been identiﬁed on Cx43
present in cells or tissue, and the ﬁeld has made signiﬁcant pro-
gress in the characterization of the network of kinases that phos-
phorylate Cx43 (Table 1). Initial phosphorylation of Cx43 occurs
within 15 min of synthesis [49] so some phosphorylation events
likely can occur prior to Cx43 arrival at the plasma membrane. En-
hanced gap junction assembly occurs upon activation of cAMP-
dependent protein kinase (PKA) via increased Cx43 trafﬁcking to
the plasma membrane [50,69,70]. Work with monoclonal antibod-
ies which recognize primarily non-phosphorylated Cx43 (CT1 [43],
Zymed 13-8300 [71]) show that the transition of Cx43 from the
cytoplasm to the plasma membrane involves phosphorylation,
likely on S365 [43,44]. Subsequently, casein kinase 1 (CK1) phos-
phorylates Cx43 at S325/328/330 – sites involved in the movement
of Cx43 from the plasma membrane into the gap junction [38],
while activation of PKC can halt assembly of new junctions [50].
7. Akt mediated phosphorylation on S373 of Cx43 increases gap
junction size and inhibits interaction with ZO-1
Previously Akt has been shown to phosphorylate Cx43 on S373
[72]. Complementing these data, we recently found that increased
gap junction stability resulting from proteasomal inhibition
occurred through inhibition of Akt kinase turnover leading toTable 1
Conﬁrmed phosphorylation sites, putative kinases, their effects, and associated
references.
Sites Kinase Effect Refs.
Y247 Src Disassembly? [84]
S255 MAPK Gating [105]
S262 p34cdc2, MAPK Gating [106–108]
Y265 Src ?? [84]
S279/282 MAPK Gating [105]
S296 ?? ?? [40]
S297 ?? ?? [40]
S306 ?? Gating [40,109]
Y313 ?? ?? [110,111]
S325/328/330 CK1, ?? Assembly [38]
S364 ?? Assembly [70,112]
S365 ?? Assembly [44,113]
S368 PKC Gating, disassembly? [40,114,115]
S369 Akt, ?? ?? [72,112,113]
S372 ?? ?? [72,113,115]
S373 Akt GJ size [72,113,115,116]extensive Cx43 phosphorylation on S373 [73]. Direct inhibition of
Akt either via speciﬁc drugs or dominant negative constructs led
to loss of gap junctions. Phosphorylation of Cx43 at S373 by Akt ap-
pears to control gap junction size through inhibition of Cx43:ZO-1
interaction [74]. Data from the Gourdie lab has shown that ZO-1
interaction with Cx43 negatively regulates gap junction size [75].
In these experiments endogenous ZO-1:Cx43 interaction was out-
competed with a Cx43 C-terminal tail peptide mimetic resulting in
a dramatic increase in gap junction size [75]. This same mimetic
peptide was also effective in vivo where its application was able
to reduce gap junction remodeling and induced arrhythmia follow-
ing ventricular injury [76]. Notably, these data indicate that ZO-1 is
involved in the transition of Cx43 from the non-junctional plasma
membrane into the gap junction plaque. The observation by Park
et al. that Akt interacted with Cx43 at the edges of gap junctions
also support a role for Akt in this process [72]. Consistent with
these data, we found that cells expressing Cx43 with serine 373
mutated to aspartic acid, thus mimicking phosphorylation, make
large gap junctions and the mutant Cx43 could not interact with
ZO-1. Cells expressing S373A-Cx43, which did interact with ZO-1,
made small junctions [74]. Interestingly, inhibition of ZO-1:Cx43
interaction has been shown to promote phosphorylation on S368
by PKC [77] while conversely phosphorylation on S365 inhibits
S368 phosphorylation [44]. Though the relationship between
S365 and S373 phosphorylation is not yet clear, it does appear
these sites could serve to coordinate the interactions of Cx43 with,
not only ZO-1, but other proteins.8. Kinase activation program coordinates gap junction
disassembly
Cx43 trafﬁcking is coordinated through sequential phosphory-
lation events mediated by several different kinases. Under condi-
tions of injury or growth factor treatment, we ﬁnd that Cx43
becomes sequentially phosphorylated by Akt (at 5–15 min post
treatment on S373), MAPK (at 15–30 min on S279/S282) and Src
(at 30 min extending for hours on pY247) coincident with sequen-
tial changes in gap junctions, including increased gap junction size
followed by inhibition of gap junctional communication and
internalization of gap junctions from the plasma membrane. This
sequence of phosphorylation events and internalization is consis-
tent with what occurs during epidermal wounding where we ﬁnd
that gap junctional communication is necessary to initiate the
wound response [29] while rapid down regulation of gap
junctional communication and gap junctional internalization are
Fig. 2. Immunoﬂuorescent labeling of MDCK cells, expressing active v-src, with
antibodies to total Cx43 (described in [43]), shown in green, and Cx43 phosphor-
ylated on Y247 (described in [86]), shown in red. Panel B is a linescan showing
signal intensity for each antibody, on a pixel by pixel basis, on the segment of
cell:cell interface boxed in panel A. Panel C shows a magniﬁed image of the boxed
panel. Magniﬁcation bar: Panel A = 200 lm, Panel B = 20 lm.
Fig. 3. Immunoblot of LA-25 cells expressing temperature sensitive v-src incubated
at 40 C, where src is inactive () and 35 C, where src is active (+). Blots show levels
of total Cx43 [43], pY247 and pY265 [86], ERK, phospho-ERK (Cell Signaling, 4696
and 4370, respectively) and pS279/282 [86] and Akt, phospho-Akt (Cell Signaling,
2920 and 4060, respectively) and pS373 [74].
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Based on these data, we propose that gap junction disassembly is
driven by a kinase program that regulates the accumulation of
Cx43 into gap junctions in preparation for disassembly and ‘‘mark-
ing’’ of speciﬁc plaque domains for internalization via Cx43 phos-
phorylation at speciﬁc residues by at least 3 kinases. We refer to
this process as ‘‘acute internalization’’. Fig. 1 shows a model of
how these kinases may coordinate gap junction disassembly.
8.1. S373 phosphorylation leads to depletion of the
non-junctional pool of Cx43
The transient increase in gap junction size we observe during
acute turnover could serve at least 2 roles contributing to efﬁcient
internalization of gap junctions: (1) to deplete the plasma mem-
brane of non-junctional Cx43 by rapid incorporation into a gap
junction, and (2) to increase gap junction size, thus allowing more
efﬁcient internalization, possibly through formation of annular
junctions. This may also serve an important biological purpose;
as described above, keratinocytes require gap junction communi-
cation to initiate migration into a scratch wound [29] while down-
regulation of gap junctions is necessary for proper wound closure
[28]. This linkage of an increase in gap junction size to disassembly
could serve both of these functions. While it is not clear how these
pathways may be linked at the molecular level, it is interesting to
note that the Cx43:ZO-1 interaction is inhibited both by S373
phosphorylation [74] and by the interaction of Src with Cx43
[80,81].
8.2. Src activation promotes gap junction disassembly
Src has long been known to interact with and phosphorylate
Cx43 to promote downregulation of gap junction communication
and cause gap junction disassembly [82,83]. Src directly phosphor-
ylates Cx43 on Y247 and Y265 [84,85]. Using cells containing a
temperature-sensitive src we have found that phosphorylation
on these sites occurs on only a subset of gap junctions [86].
Fig. 2 shows immunostaining for pY247 in MDCK cells with active
Src (pY247 antibody in red and antibody to total Cx43 in green).
We found that the amount of pY247 in gap junctions varies, as
indicated by the spectrum of green to yellow to red labeling, result-
ing from increasing levels of phosphorylation. This variability is
shown quantitatively by a linescan (panel B) for one area of a cell:-
cell interface, which is shown magniﬁed in panel C. This variability
may represent gap junctions at varying steps in the disassembly
process. While many contiguous areas show an almost 1:1 ratio
of red to green ﬂuorescence intensity, several areas contain more
or less red than green (Fig. 2B, arrowheads). Though we can’t dis-
cern individual gap junctions at the light microscopy level, it is
interesting to consider that this staining pattern may indicate that
speciﬁc areas, or subdomains, of a gap junction are phosphorylated
and/or that accumulation of speciﬁc phosphorylation events trig-
ger recruitment of the disassembly apparatus, as indicated in our
model (Fig. 1). Distinct roles for acute and chronic effects of Src
mediated inhibition of gap junction communication have been
shown through work using Cx43 mutated at Y247 and/or Y265.
Phosphorylation on these tyrosines are necessary for gap junction
downregulation when v-src is chronically coexpressed with Cx43
[84,85]; however, acute activation of Src can lead to rapid down-
regulation of gap junction communication even when these sites
are absent. Instead, phosphorylation by MAPK on S279/S282 ap-
pears to mediate gap junction closure [39,41,87–91]. Consistent
with this, we have previously shown that Src activation leads to
phosphorylation of many other sites on Cx43, including S255,
S262, S279/282 and S368, indicating co-activation of MAPK and
PKC [86]. We show in Fig. 3 that Src activity alters the activation/phosphorylation status of ERK (shown by increased pERK signal
when Src is active) and Akt (shown by decreased pAkt signal
when src is active) and correspondingly we see increased
phosphorylation on pY247, pY265 and pS279/282 and decreased
phosphorylation on S373. Note, this is distinct from what we see
during acute internalization, where we observe a transient in-
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the case where there is a continuous or chronic disassembly signal,
the need for transient upregulation of gap junction communication
may be bypassed. For example, since Src can directly displace ZO-1
from binding to Cx43 [80,81] there may be no need for Akt phos-
phorylation to inhibit ZO-1 binding in preparation for consequent
interactions with PKC.
8.3. Phosphorylation of Cx43 affects channel permeability
While it is clear that Src, MAPK and PKC are all involved in
downregulation of gap junctions and gap junction communication,
just how these pathways are coordinated is not yet clear. As dis-
cussed above, v-src activation appears to have direct (pY247/
Y265) and indirect (MAPK activation) affects on Cx43 phosphoryla-
tion. Adding some complexity to this is the fact that v-src can bind
the region of Cx43 which is phosphorylated by MAPK [92]. Site di-
rected mutagenesis of the MAPK sites has consistently shown a
role for these residues in channel closure where phosphorylation
on these sites are able to decrease gap junction channel ‘‘open
time’’. Indeed, both src and MAPK activation yield gap junctions
with similar electrophysiological proﬁles [88]. We believe these
data support our model where coordinated Src and MAPK interac-
tion are important for gap junction downregulation at the channel
and turnover level. Channel selectivity can also be regulated
through phosphorylation. Phosphorylation on S368 by PKC altered
the permeability of channels, measured by both dye transfer and
changes in single channel conductance [41]. As noted above, dis-
placement of ZO-1 can increase PKC mediated phosphorylation at
S368 [93], thereby linking channel permeability to the assembly/
disassembly process. It also may be that speciﬁc routes of disas-
sembly, e.g., annular junction formation or constitutive turnover,
require differential coordination of kinase activation and Cx43
phosphorylation.9. Impact of Cx43 phosphorylation on tissue function and
exploitation for therapeutics
The identiﬁcation of phosphorylation sites on Cx43 and the
more recent introduction of phosphospeciﬁc antibodies and mu-
tant versions of Cx43 eliminating and mimicking phosphorylation
have led to detection of phosphorylation dependent changes in
Cx43 structure and localization [29,39,43,74,94–96], gap junction
channel gating properties [39,41,87–91], gap junction assembly
[39,44,73,94,96], and Cx43 interacting partners [43,47,97–100] in
cells and tissues. Thus, research is starting to go past a simple cor-
relation of unspeciﬁed phosphorylation-related migration shifts on
Westerns to an approach whereby Cx43 phosphorylation is
mechanistically linked to changes in Cx43-interacting protein
binding, gap junctional communication, kinase activity and the
underlying signaling pathways affecting cell biological function
[38,39,41,44,47,70,73,86,98,99,101,102]. Furthermore, we are
beginning to be able to sort out different signaling pathways.
Various stimuli can lead to sequential activation of multiple
kinases and changes in Cx43 phosphorylation over time (i.e., ‘‘ki-
nase programs’’). For example, S365 phosphorylation plays a ‘‘gate-
keeper’’ role by preventing downregulation of gap junctional
communication by subsequent Cx43 phosphorylation at S368
[94]. Src activation subsequently leads to Src, MAPK and PKC phos-
phorylation of Cx43 at 6 serines and 2 tyrosines [86] also decreas-
ing gap junction function. Cx43 phosphorylation at casein kinase 1
(CK1) or PKA-related sites causes changes in Cx43 structure that
increase gap junction assembly [44]. These ﬁndings all argue that
an understanding of how coordinated kinase activation and Cx43
phosphorylation regulates gap junction formation and disassemblyunder homeostatic and pathological conditions could lead to
important insights that are translatable to therapeutic interven-
tion. In fact, the anti-arrhythmic peptide rotagaptide (or ZP123)
which is currently being investigated by Zealand Pharma for car-
diovascular use, appears to exert its protective effects through
downstream changes in Cx43 phosphorylation. These peptides
have been shown to inhibit ischemia induced arrhythmia andmyo-
cardial infarct [103,104]. These effects appear to be propagated
through maintenance of Cx43 at the intercalated disc and alter-
ation of the phosphorylation pattern of Cx43 in response to ische-
mia [40,45]. Interaction of Cx43 with PKCa and concomitant
phosphorylation on S368 is a candidate for these effects [103].
However, as discussed above, S368 phosphorylation levels, in mice,
appeared lower during ischemia [41,42], indicating that other
phosphorylation sites may play a role. These types of data show
that Cx43 is a viable, ‘‘druggable’’ target but that a global under-
standing of the kinase programs involved in Cx43 regulation will
be valuable in designing appropriate therapeutics.
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